The aim of this work was to compare the performance of 6 serological tests using outer or internal antigens from Brucella for the diagnosis of Brucella ovis infection in sheep in an endemic area. Outer membrane antigens included a hot saline extract (HS) and the rough lipopolysaccharide (R-LPS) from B. ovis. Internal antigens were LPS-free total cytosolic proteins (CP) and an 18-kDa cytosolic protein (p18) from Brucella spp. Sera from 200 sheep from naturally infected flocks were assayed by agar gel immunodiffusion test (AGID) and by complement fixation test (CFT), both using HS, and by 4 ELISA using HS, R-LPS, CP, and p18, respectively. The percentage of positive results was 45.5% for ELISA with HS, 42.0% for ELISA with p18, 39.5% for CFT, 33.5% for ELISA with R-LPS, 29.0% for ELISA with CP, and 18.0% for AGID. Taking CFT as the reference test for calculating relative test parameters, the ELISA with HS had the best sensitivity (96.2%), while AGID and the ELISA with R-LPS had the best specificity (96.6%). The ELISA with CP was not more sensitive than the ELISA with p18 (67.1% vs. 79.7%) in spite of the higher number of antigens in CP. The lower relative sensitivity of tests using internal antigens might reflect a lack of antibodies to cytosolic proteins in some infected animals or a shorter persistence of these antibodies relative to antibodies to outer membrane components after recovery from infection.
Diagnosis of Brucella ovis infection in sheep is
based on clinical examination and serological tests. Currently, the most widely used tests are agar-gel immunodiffusion (AGID) and complement fixation (CFT), in which the antigen is a hot-saline extract of B. ovis (HS). In addition, some HS-based ELISA tests have been developed. 12, 21 The HS has been shown to be a complex antigen, mainly composed of outer membrane proteins (OMPs) and rough lipopolysaccharide (R-LPS). 5, 21 Although OMPs and R-LPS contain immunodominant moieties, 10, 18 no single HS-based test has allowed the detection of all the infected animals, and diagnostic sensitivities and specificities have varied, depending on the origin of samples, i.e., experimental or natural infection. In addition, some crossreactivities have been described between Brucella OMPs and proteins of other bacteria. Monoclonal antibodies to Brucella outer membrane lipoproteins (Omp10, Omp16, and Omp19, all present in B. ovis) cross-react with antigens found in bacteria that, like Brucella, belong to the family Rhizobiaceae (genera Ochrobactrum, Phyllobacterium, Rhizobium, and Agrobacterium). 8 Furthermore, amino acid sequence homology has been found between Omp16 from Brucella spp. and the peptidoglycan-associated lipoprotein (PAL) from some Gram-negative bacteria. 23 In addition, cross-reactivity between B. ovis R-LPS and Ochrobactrum anthropi R-LPS has been shown by testing these antigens with the sera of B. ovis-infected rams. 24 In the face of these diagnostic drawbacks, some authors have proposed the use of internal antigens of Brucellae as a possible alternative to tests based on surface antigens. An extract of internal antigens of Brucella melitensis was initially used in a highly specific intradermal test for ovine brucellosis. 15 In a study using 2-dimensional electrophoresis coupled to immunoblotting, many antigens from a mixture of cytoplasmic, periplasmic, and some membrane proteins of B. ovis were recognized by the serum from a ram naturally infected with this bacterium. 22 The diagnostic usefulness of cytoplasmic proteins of Brucella abortus has been shown in different species, including humans, cattle, and dogs.
An ELISA with LPS-depleted cytoplasmic proteins of B. abortus (cytosolic protein [CP] antigen) was useful to differentiate active from inactive human brucellosis. 12 Moreover, CP was also useful for the serodiagnosis of canine brucellosis, 4 suggesting that at least some cytoplasmic proteins of B. abortus (smooth species) are present in Brucella canis (rough species). Subsequently, others 11 developed an antigen-capture ELISA using a monoclonal antibody specific for an 18-kDa cytoplasmic protein of Brucella spp. (p18).
This protein, now characterized as a lumazine synthase, 13 was shown to be present in both smooth and rough Brucellae. Furthermore, antibodies to p18 have been found in both human and canine brucellosis. 3, 11 The diagnostic usefulness of this and other cytoplasmic proteins was investigated in sheep naturally or experimentally infected with B. melitensis. 18 ELISA tests using each protein alone were unable to identify all the infected animals, but an ELISA combining 2 of these antigens showed improved sensitivity. Thus, it can be hypothesized that the use of a complex mixture of LPS-free cytoplasmic proteins, namely CP antigen, would be useful to diagnose ovine brucellosis. The aim of the present study was to compare the performance of 6 serological tests using outer membrane antigens (HS or R-LPS) or internal antigens (CP and p18) of Brucella when applied to samples coming from flocks naturally infected with B. ovis. The possible causes of differences or agreement between tests regarding sensitivity and specificity are discussed.
Materials and methods

Serum samples
The study included 200 sera collected from sheep from unvaccinated flocks in which B. ovis had been isolated previously. When assayed by the Rose Bengal agglutination test to detect antibodies to smooth Brucella spp., all samples gave negative results.
Preparation of the HS
The HS extract was prepared as recommended. 1 Briefly, cultures of B. ovis Reo 198 grown for 72 hr onto solid medium were washed and suspended in normal saline and heat treated (120 C, 20 min). After centrifuging, the supernatant was ultracentrifuged (100,000 ϫ g, 6 hr, 4 C) and the pellet obtained (HS) was dissolved in distilled water, dialyzed, and kept frozen. Protein content was determined by the bicinchoninic method. a
Conventional tests
Complement fixation test. The complement fixation test (CFT) was used in this study as standard to compute relative sensitivities and specificities of the tests under study. Specificity estimates for CFT in independent studies was 100%, 10, 19, 26 or 89.28 Ϯ 11.46%. 25 Reported sensitivities were 96.0, 26 93.0, 10 92.7, 19 and 88.89 Ϯ 11.85%. 25 Considering the general agreement in its high specificity, all our CFT-positive samples were thus considered to correspond to infected animals. The CFT was performed by a hot micromethod. Briefly, the sera were diluted 1/2 in barbital buffered saline (pH 7.3) and inactivated at 60 C for 30 min. After cooling to room temperature, doubling dilutions were made in a microtiter plate (U shaped). The optimal HS antigen concentration and test conditions were established previously by titration with a panel of positive and negative control sera. To each well containing 25 l of diluted serum, 25 l of diluted antigen and 25 l of guinea pig complement (containing two 50% hemolytic units) were added. After incubating for 30 min at 37 C with shaking, 50 l of a mixture containing equal parts of 2% sheep erythrocytes and hemolysin b (1: 1,600) were added to the wells. The microplates were incubated again at 37 C for 30 min with continuous shaking, and finally they were kept for at least 2 hr at 4 C. Sera with 50% hemolysis in the 1/4 or higher dilutions were considered positive.
Agar gel immunodiffusion test. The gel-diffusion test was carried out on slides covered with 3 mm of gel made with 1% Noble Agar c in 0.8 M Tris, 0.15 M NaCl, pH 8.2. The HS antigen was diluted to its optimal concentration and was placed in the central well. Undiluted samples of ovine sera were placed in the surrounding wells. The slides were incubated at room temperature in a humid chamber, and readings were taken after 24, 48 and 72 hr. The presence of a precipitine line was considered as a positive reaction.
ELISA tests
Antibodies to HS. Serum reactivity to HS was measured by indirect ELISA. Polystyrene plates d were sensitized with 0.5 g/well of HS in phosphate buffered saline (PBS), and free sites were blocked with PBS containing 1.2% chicken egg albumin. e After washing with PBS-Tween 20 0.05% (PBS-T), the ovine sera were added and diluted 1:200 in PBS-T containing 0.4% chicken egg albumin. Specific antibodies were detected with a horseradish peroxidase (HRP)conjugated monoclonal antibody to ovine IgG (whole molecule). e The reaction was developed with ortho-phenylenediamine/H 2 O 2 in 0.1 M citrate-phosphate buffer and was stopped with 4 N H 2 SO 4 . To establish the cut-off value of the assay, 50 sera from healthy animals (kindly provided by the Central Veterinary Laboratory, Weybridge, UK) were assayed at 1:200 dilution under the same conditions. The cutoff value was calculated as the mean optical density (OD) of these sera plus 3 standard deviations.
Antibodies to R-LPS. This test was performed as previously described. 25 Briefly, microplates were coated with previously titrated R-LPS from B. ovis, incubated with a 1:200 dilution of sera, incubated again with a peroxydase-conjugated antibovine IgG (which cross-reacts with ovine IgG) (1:1,000), and developed with 2,2Ј-Azino-bis (3-ethylbenzthiazoline-6 sulfonic acid) (ABTS) solution.
Antibodies to CP. To test serum reactivity against Brucella cytoplasmic proteins, the plates were sensitized with 0.5 g/well of CP diluted in PBS. Washing, blocking, addition of sera and conjugates, development of the reaction, and determination of the cut-off value were performed as described above.
Antibodies to p18. Serum reactivity against p18 was measured by capture ELISA using the p18-specific monoclonal antibody (MAb) BI24 as described previously. 11 Plates were sensitized with 1 g/well of purified MAb in PBS and blocked as described above. After washing, 2 g/well of the CP antigen (which includes the p18 protein) were dispensed. Addition of sera and conjugates, development of the reaction, and determination of the cut-off value were performed as described above. To detect any possible activity to the murine antibody attached to the plates, each serum was also incubated in wells sensitized with MAb BI24 with no ad- dition of the CP antigen. The specific OD was calculated as the difference between the ODs obtained with and without CP.
Results
Overall, out of 200 sera, 91 (45.5%) were positive by ELISA with HS (E-HS), 84 (42.0%) by ELISA with p18 (E-p18), 79 (39.5%) by CFT, 67 (33.5%) by ELISA with R-LPS (E-LPS), 58 (29.0%) by ELISA with CP (E-CP), and 36 (18.0%) by AGID. Twentysix samples (13.0%) scored positive in all tests and 80 (40.0%) scored negative in all tests. Twenty sera were negative only by AGID, 2 only by E-CP, and 1 only by E-R-LPS, while negative results by E-p18, E-HS, and CFT were always accompanied by at least 1 negative result in another test. Conversely, 17 sera were positive only by E-p18, 12 only by E-HS, 3 only by AGID, 2 only by E-LPS, and 1 only by E-CP, while positive results by CFT were always accompanied by at least 1 positive result in another test. A comparison was made among the tests detecting antibodies with components of the external membrane (excluding AGID because of its low sensitivity). From 79 sera positive by CFT, 76 were also positive by E-HS and 62 of these were also positive by E-LPS. Regarding these 3 tests, 15 sera were positive only by E-HS, 4 only by E-LPS, and 3 only by CFT. From the 62 sera positive by all 3 tests, 57 were positive by E-p18 and 45 of these were also positive by E-CP. A comparison was also made between the 2 tests detecting antibodies to internal antigens. While 52 sera were positive by both E-CP and E-p18 (49 also positive by E-HS), 6 were positive only by E-CP and 32 were positive only by E-p18 (13 also positive by E-HS). From 121 sera negative by CFT, 35 were positive by 1 alternative test and 6 others were positive by at least 2 alternative tests.
Because CFT has been one of the most widely used tests for ovine brucellosis and is still the prescribed test for international trade, 20 it was taken as the reference test to calculate sensitivity and specificity. Therefore, positive and negative CFT sera were assumed to correspond to infected and noninfected sheep, respectively. Sensitivity was calculated as the percentage of positives relative to the total number of positives by CFT, and specificity was calculated as the percentage of negatives relative to the total number of negatives by CFT. The number of positive and negative results by each test relative to the results of CFT are shown in Table 1 .
The lowest relative sensitivity (40.5%) corresponded to AGID, which was positive in 32 out of the 79 sera positive by CFT. The ELISA tests with outer membrane antigens, namely E-LPS and E-HS, reached sensitivities of 79.9 and 96.2%, respectively, the latter being the most sensitive test relative to CFT. The ELISA tests with internal antigens had sensitivities of 67.1% (E-CP) and 79.7% (E-p18).
Among the 121 sera that were negative by CFT, 117 were also negative by AGID and by E-R-LPS, giving a relative specificity of 96.6% for both tests ( Table 1 ). The specificity of the ELISAs based on internal antigens ranged from 82.6 to 95.8% (for E-p18 and E-CP, respectively), and that of E-HS was 87.6%.
Discussion
This study compared the performances of 6 serological tests per se and was aimed at assessing and discussing the possible origin of discordances/agreements based on their format and the antigens used. Therefore, it should not be taken as a validation study. 14 In contrast with previous studies suggesting that an ELISA combining cytoplasmic proteins of Brucella had high sensitivity to detect B. melitensis infection in sheep, an ELISA with a complex mixture of Brucella cytoplasmic proteins was less sensitive than other tests to detect B. ovis infection in sheep. Indeed, an ELISA using a single cytoplasmic protein (E-p18) classed more animals as positives than E-CP. This is intriguing because CP is a mixture of cytosolic proteins and would be expected to detect more brucellosis cases than a single antigen. It is possible, however, that the proportion of p18 in CP relative to other proteins is too low to attain a critical diagnostic concentration in the ELISA plate. The lower sensitivity of the ELISAs with internal antigens relative to those with outer membrane antigens is in line with data suggesting the need of a strong antigenic stimulus (i.e., infection) to elicit an antibody response to these proteins. 6 In addition, in humans, antibodies to LPS persist longer than antiprotein antibodies after recovery from infection. 2 If this were also true in sheep, a positive result in tests detecting antibodies to R-LPS (E-LPS, E-HS, CFT, AGID) would indicate exposure to B. ovis while a positive result by E-CP or E-p18 would indicate active infection. Finally, lack of response to E-p18 has been also observed in nonpregnant ewes experimentally infected with B. melitensis, 18 which, however, showed early seroconversion to S-LPS. The relative specificity of the ELISAs based on internal antigens ranged from 82.6% for E-p18 to 95.8% for E-CP. Aside from the potential occurrence of false positives due to cross-reactivity, the low specificity of the E-p18 relative to CFT could also result from the detection of Brucella-specific antibodies not revealed by CFT (which only detects antibodies to surface antigens). Interestingly, 17 sera found positive by E-p18 were negative by the remaining tests. In addition, the specificity of the E-CP was higher than that of E-p18, which was unexpected given the higher complexity of the CP antigen. Probably, anti-p18 antibodies predominated among antiprotein antibodies in infected animals, being better detected by the E-p18 than by E-CP.
In the present study, the E-HS had the highest relative sensitivity to detect B. ovis infection in sheep, which could be related to several factors, including 1) high analyte sensitivity, 2) a wide array of antigenantibody interactions because of the complexity of HS antigen, and 3) the polyspecificity of secondary antibody. Of note, HS contains not only R-LPS but also Omp16, Omp19, Omp25, and Omp31, 5 which were found to be immunodominant in B. ovis-infected sheep. 16, 17 The presence of OMPs in HS could explain why the E-HS was more sensitive than E-LPS, an advantage also observed by others. 19 In spite of its high sensitivity, the ELISA with HS had a low specificity relative to CFT. As both E-HS and CFT were performed with the same antigen, the high rate of false positives of E-HS (16.4%) cannot be attributed to a higher cross-reactivity of E-HS with antigens from organisms other than Brucella. Conversely, these apparently false positives could be related to the higher analyte sensitivity of the ELISA system. In other words, these cases could represent true positives not detected by CFT. Notably, however, 12 of the 15 false positives by E-HS scored positive only by this test, raising some doubts about the real status of these samples. Comparisons between CFT and E-HS are difficult, however, because the identity of antigen-antibody interactions involved in CFT is mostly unknown. While CFT detects only complement-fixing antibody isotypes, E-HS would detect all antibodies specific for HS. Among the 6 tests employed in this study for the diagnosis of B. ovis infection in sheep, AGID had the lowest sensitivity (40.5%) relative to CFT, which probably relates to the intrinsic low analytic sensitivity of precipitation tests. In agreement with this, others 19 found that an AGID test with soluble antigens extracted by sonication had relatively low sensitivity but 100% specificity. In contrast, AGID with HS was found to have 100% sensitivity in a recent study. 7 In summary, taking CFT as the reference test, E-HS had the best sensitivity while AGID and E-LPS had the best specificity for detecting antibodies to B. ovis. The lower relative sensitivity of the ELISAs with Brucella internal antigens might reflect the lack of antibodies to cytoplasmic proteins in some infected animals or their short persistence after recovery from infection. Thus, further studies using sera from clinically and bacteriologically characterized animals would help clarify these issues as well as address validation studies. 14 
